Proton radiation therapy is one of the newest and most promising methods used in modern oncology. Nonetheless, the dissemination of that method may result challenging. This is partially due to the fact that the mechanism of DNA damage induced by protons, which is one of the ways proton radiation interacts with tissues, has not been fully understood yet. It is well known that ionizing radiation especially ions such as protons may directly damage DNA but it also causes the formation of radicals, which may lead to even more serious damage of the DNA sugar-backbone than direct interaction with charged ion. In this article we focus on the influence of guanine radicals on the DNA structure, namely the conformation and stability of the DNA strand. We present the theoretical results of the optimization calculations of DNA structures with guanine radical-adenine pairs as well as calculated Raman spectra. By combining theoretical calculations with the experimental spectra we were able to explain molecular modifications of the DNA sugar-backbone affected by guanine radicals formed upon radiation exposure, which lead to spectral changes between spectra of control and irradiated DNA. Thus we established a pathway of the formation of DNA damage caused by protons.
Introduction
Proton therapy has been developing for over 60 years now. As far back as 1946 Robert
Wilson proposed the use of accelerator-produced beams of protons to treat deep-seated tumors in the human body (1) . Nine years later the first patient was treated with proton beams in the Lawrence Berkeley Laboratory (2) . First ocular melanoma was exposed to protons in the mid−1970s (3) . According to statistics of Particle Therapy Co-Operative Group, up to the present proton therapy has been used to treat 131240 patients in 46 centers worldwide (4) .
However, in comparison to other radiation therapies an adoption of proton therapy is fairly slow. One of the main reasons is the lack of knowledge about proton interaction with biomolecules.
DNA is the most sensitive biomolecule for radiation exposure (5, 6) . A damaged lipid or protein molecule can be easily replaced, whereas damaged DNA must be repaired. Ionizing radiation can cause various types of DNA damage such as DNA strand cross−links, DNA−protein cross−links, Single Strand Breaks (SSBs), base damage, sugar damage and the most dangerous form Double Strand Break (DSBs). In eukaryotes DSBs are critical lesions that can lead to cell death (7) . DNA damage was investigated by plethora experimental and theoretical approaches. Comet assay, which is practically an electrophoresis of single cells, is commonly used in order to detect DNA strand breaks (8) . Mass spectrometry and liquid chromatography are efficient tools used to investigate the chemical structure of damaged DNA (9, 10) . All these experimental methods can affect DNA samples, leading to changes in their structure due to required DNA degradation or via application of chemical substances and complex preparation procedures (11) . Raman spectroscopy, in turn, is a label free and non-invasive analytical technique, which can explore chemical structure of DNA damaged by radiation. However, Raman spectrum of such a complex molecule as DNA contains a lot of overlapping spectral features related to DNA functional groups. Therefore, an interpretation of spectral changes related with exposure to radiation can be problematic. In order to assign Raman bands and find the background of spectral changes related with irradiation we have proposed a combination of experimental and theoretical approach.
In the experimental Raman spectra an appearance of strong bands related to stretching of C=O and NH 2 banding mode from cytosine and guanine were observed after proton exposure.
Therefore, we focused on guanine-cytosine pair and molecular changes, that could be a consequence of interaction with the guanine radical -the most frequently formed radical in the DNA structure. We optimized structures with radicals (not their products) in order investigate direct influence of guanine radicals on the local DNA structure and predict following molecular damage.
Many molecular processes can be simulated by the quantum mechanical calculations. Until now theoretical calculations, in particular Density Functional Theory (DFT), have been successfully used to present models explaining mechanism of DNA damage, including radiation induced DNA damage. Recently these calculations have been used to elucidate DNA strand breaks after irradiation, where ionization of the sugar phosphate backbone by water radicals •OH or direct damage by ionizing particles were considered as the most likely mechanism of DNA lesions (12) (13) (14) .
Part of research focused on the processes occurring within or around the nitrogen base pairs. Guanine, among all the DNA bases, has the lowest ionization potential, which means that it is the main oxidation center in DNA (17, 18) . For this reason, irradiation of DNA leads to the formation of a large number of oxidized guanine (G •+ ). The oxidation of guanine itself and the formation of guanine neutral radicals (•G) in the GC pair have been thoroughly investigated.
Studies include breaking hydrogen bonds in the GC pair (19, 20) , the formation of crosslinked structures between DNA base pairs (21) , or the formation of neighboring bases structures in single strained DNA (22) . However, due to limited computing performance, each time only isolated base systems were taken into consideration. Up to the present no results on effects of the interaction disturbance between the nitrogen bases on the DNA backbone or the global double strained DNA structure have been reported.
It is known from previous research that oxidized guanine loses protons either from N1 or N2 site, forming neutral •G N1 and •G N2 radicals, respectively (23) . In this work we present calculated Raman spectra for DNA with the normally bonded GC pair, the DNA with •G N1 C and •G N2 C pairs, and the DNA with the pair of cytosine and guanine with hydrogens detached from both N1 and N2 site •G N1,N2 C ( Figure 1 ) along with experimental Raman spectra of undamaged DNA and DNA irradiated by the dose of 4000 protons. By combining the experimental results with theoretical calculations we were able to establish the types of lesions produced by both proton radiation in DNA. Calculations were performed using Density Functional Theory (DFT). Apply of DFT allowed to obtain high precision for the GC pair. The rest of the system was treated classically using the ONIOM hybrid model. The ONIOM method was previously used for Raman spectra calculations of radiation-induced damaged DNA. Simulated spectra were in good agreement with the experimental data (24) . Additionally, this model was successfully applied to study DNA interactions with metal complexes (25) (26) (27) , chloridazon herbicide (28) , and proflavine (29) . 
Materials and methods

Experimental
Raman spectroscopy and data processing
Experimental Raman spectra were recorded using a WiTec Confocal Raman Microscope α−300 R equipped with Nd−Yag 532 nm (green) laser with a CCD camera cooled to −60°C. 50x Zeiss objective was applied. Data were collected in the spectral range of 3700 cm −1 − 200 cm −1 . The acquisition time was 5−20 second per spectrum, depending on signal to noise ratio. The spectral resolution was 2 cm −1 . Raman spectra were processed using Opus 6.5 software, which included smoothing (number of smoothing points: 13) and baseline correction (rubber−band correction, number of baseline points: 16, number of iterations 2−4).
In these experiments spectra were vector normalized in the spectral range of 1800 cm −1 − 250 cm −1 because of the variation in sample thickness.
Calculation procedures
The Then, the theoretical Raman intensities were calculated according to the formula (31):
where is a constant given in arbitrary units, and are the Raman scattering activity and the frequency of the normal mode , respectively. 0 is the frequency of the laser excitation line. In this work this frequency was taken 18797 cm -1 , what corresponds to 532 nm, a wavelength emitted by Nd:YAG laser used in experiments. is a temperature factor which accounts for the intensity contribution of excited vibrational states and is represented by the Boltzmann distribution:
where ℎ, , are Planck constant, Boltzmann constant, and speed of light, respectively. stands for temperature, which was assumed 273.15 K. Spectra of damaged DNA (irradiated with the dose of 400 and 4000 protons) are presented in Figure 4 . Spectra collected from irradiated DNA indicate an appearance of strong bands related to C=O stretching and NH 2 bending from cytosine and guanine. These bands were not observed after exposure to photons, as described in our previous work (24) . Therefore we have assumed that these changes in Raman spectra are related either with the direct radiation damage caused by proton or are possibly related to interaction with guanine radicals, which are the most frequently formed radicals in the DNA structure. Hence, we have tested the hypothesis, that guanine radicals may locally destabilize DNA structure and cause permanent damage, that could be detected in Raman spectroscopy. The lifetime of guanine radicals is in the range of ms. However, they can permanently modify the molecular structure of the DNA backbone (38) . We have optimized three DNA structures with various guanine radicals:
Results and Discussion
DNA
•G N1 C, •G N2 C, •G N1,N2 C and we deeply analyzed their influence on the local molecular structure of the DNA double strand. We generated Raman spectra and compared them with the experimental data to check whether we are able to detect these local molecular changes by
Raman spectroscopy.
The experimental spectra for 400 and 4000 protons do not differ much from each other as presented in Fig. 4 , therefore in the further analysis we focus only on the spectrum for a larger dose, namely 4000 protons. Detailed band wavenumbers and their assignment are reported in Table 1 Therefore, here we are presenting O-P-O bond lengths and O-P-O bond angles obtained for each optimized DNA structure in order to monitor local conformational change induced by DNA damage. The averaged O-P-O bond angle in optimized structure of control DNA was equal to 108.85° ± 0.16°, whereas the averaged P-O bond length was 1.5826 ± 0.0047 Å ( Table 2 and Figure 5 ). Detailed bond length and angles are presented in Table 3 . This distance is consistent with the results of crystallographic experiments by Langridge et al. which was 1.60 Å (39).
•G N1 C Figure 6 shows experimental spectra of irradiated DNA and calculated spectrum of DNA with
•G N1 radical in GC pair: •G N1 C (see •G N2 C
Spectrum calculated for DNA with •G N2 C pair compared with experimental spectra of irradiated DNA are presented in Figure 8 . A schematic model of the optimized structure is shown in Figure 9 . •G N1,N2 C
Calculated spectrum of DNA with •G N2,N2 C pair and experimental spectra of irradiated DNA are presented in Figure 10 . Figure 11 shows a schematic model of optimized structure. Proposed modifications of molecular system used for calculation allowed to explain spectral differences between experimental spectra of control and irradiated DNA (Figure 4 ). Our calculations show that the lack of the proton between the bases and consequently the break of hydrogen bond between these bases significantly changes the DNA structure. In the case of all simulated DNA damage, the presence of neutral guanine radical in guanine-cytosine pair results in an increase of the length of the P-O bond in phosphate groups, while the O-P-O bonding angle in all optimized damaged structures decreases. As a consequence, the distance between base pairs is smaller than in the case of unchanged DNA, which suggests a local change of DNA conformation. Our previous work indicated that the bond between carbon and oxygen from the DNA backbone is the most sensitive for the photon exposure and it breaks upon interaction with •H and •OH radicals (24) . In contrast to our previous finding, in this article we prove that the interaction with guanine radicals may lead to the break of different P-O bonds included in the DNA backbone. Such radiation damage can be observed in Raman spectra. Raman markers of this radiation damage include i) an intensity decrease of the bands related with ν sym (O-P-O) and ν asym (O-P-O) and their shift towards higher energy (lower wavenumber) as presented in Table 1 , ii) the appearance of ν(C=O) and δ(NH2) from cytosine, base stacking vibration, and ν(C=O) and δ(NH 2 ) from guanine. 
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Conclusions
In conclusion, we have demonstrated that the presence of a guanine radical in DNA double strand and hence the interaction disturbance between the nitrogen bases, which can be induced by proton radiation, has a significant effect on the DNA structure. This includes the change of DNA conformation as well as single or double break of DNA strand. High sensitivity of Raman spectroscopy allowed for detection of DNA radiation damage caused by exposure to 2 MeV protons. Spectral changes related to radiation exposure were explained on the basis of theoretical DFT calculations. The combination of theoretical and experimental data proved that a small change in DNA bases such as oxidation of nitrogen destabilizes the DNA structure locally. Due to the weaker interaction between bases, the DNA backbone may locally change its conformation. These conformational changes determine DNA properties (43) and can affect the radiation sensitivity. Therefore, such results are of significant importance for radiation research. Table 3 . P-O bond lengths and O-P-O bond angles obtained in calculations for unchanged DNA and DNA with neutral guanine radicals in GC pair. For atoms labels explanation see Figure 3 , 7, 9, and 11 
